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Using solar energy to pm..rer an absorption chiller for space cooling 
is highly desirable because it conserves nonrenewable conventional energy 
sources and because combining solar cooling with a solar heating system 
can make the overall system more cost effective. However, there are 
several problems which must be solved before solar cooling can be employ-
ed extensively. The most important problems are the low efficiency of 
the solar energy collector and the low COP of the absorption chiller 
when fired with 75 to 95°C water, and the severe degrading of the COP of 
the absorption chiller in the real working environment. Recent develop-
ments of solar energy collectors and absorption chillers have improved 
considerably the efficiency of the collectors and the COP of the chillers. 
However, the degrading of the COP of the absorption chiller remains to be 
addressed. 
The degrading of the COP of the absorption chiller is largely due to 
the frequent on-off cycling of the chiller during medium and low cooling 
demand periods and the unfavorable working conditions caused by the time 
difference between the peak cooling demand and the peak solar radiation. 
The present study is an evaluation of the feasibility of using chilled 
water storage as a buffer to reduce the effects of these two undesirable 
working conditions and to improve the performance of the absorption 
chiller as well as the entire solar cooling system. 
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In solar cooling systems with no chilled water storage, the absorp-
tion chiller is connected directly to the air handlingunit. In these 
systems, the absorption chiller is controlled by the cooling demand and 
the heat source temperature which is the hot water storage tank tempera-
ture. Because large variations exist in the cooling demand distribution 
each day and also from day to day, the absorption chiller designed to 
satisfy the peak cooling demand will be operated on and off with very 
short operating periods during medium and low cooling demands. In addi-
tion to this, the hot water storage tank temperature has its own temper-
ature distribution cycles corresponding to the solar radiation distribu-
tion which generally peaks four to six hours earlier than the cooling 
demand. Therefore, the abso:rption chiller operates under unfavorable 
working conditions most of tne time which results in the degradation of 
the COP. If one employs a chilled water storage tank between the absorp-
tion chiller and the air handling unit, the constraint on the chiller 
due to the variation of the cooling demand is released. The absorption 
chiller in this case is not required to produce cooling as demanded by 
the conditioned space~ instead it is controlled by the temperature of 
the chilled water storage tank and hot water storage tank. The sizes of 
the chilled water storage, the hot water storage, and the collector area 
can then be designed according to the general patterns of the weather 
and cooling demend to provide the best possible working conditions for 
the absorption chiller. 
The present study has the following three principal objectives: 
1. To confirm the feasibility of using chilled water storage to 
reduce the degradation of the COP of the absorption chiller and to inves-
tigate the relationship between the sizes of the chilled water storage, 
the hot water storage, the collector area, and the performance of the 
absorption chiller as well as the entire cooling system. 
3 
2. To develop a semi-empirical equation for predicting the perform-
ance of the solar cooling system with chilled water storage. 
3. To develop a general procedure of evaluating and optimizing the 
economics of the solar cooling system. 
CHAPTER II 
LITERATURE SURVEY 
The idea of utilizing solar energy to operate absorption chillers 
for space cooling has been attracting researchers for more than two de-
cades. In 1958, Eisenstadt et al. (1) showed that absorption chillers 
using high concentration ammonia-water solution as a working fluid could 
be operated with low temperatures that are obtainable by flat plate col-
lectors. In 1962, Chung et al. (2) also demonstrated that lithium 
bromide-water absorption chillers could be operated with solar energy. 
In succeeding years, there were several other literature citations re-
porting the use of solar energy powered absorption chillers for space 
cooling (3) (4) (5). 
In these early studies of solar energy powered absorption chillers, 
several problems were identified. The most important problems are the 
low COP of the absorption chiller and the low efficiency of the solar 
energy collector operating in the required temperature range of 75 to 
95°C. Subsequent research efforts more or less concentrated on improv-
ing these two deficiencies. 
Research efforts on solar energy collectors were relatively more in-
tensive and successful, especially so in the case of the flat plate col-
lector. The main problem of the flat plate collector is its low effi-
ciency operating at the high temperature range required by the absorption 
chiller. This low efficiency is the result of an increase of heat loss 
4 
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to the environment. Many schemes to reduce this heat loss have been 
proposed. Charters and Peterson (6), Pellette, Cobble, and Smith (7) 
examined the use of honeycomb to reduce the convection heat loss. Eaton 
and Blum (8) proposed using a moderate vacuum in the space between the 
cover plate and absorber plate. Minardi and Chuang (9) studied the use 
of a black liquid to improve the collector efficiency. Perhaps the most 
successful scheme was to apply a selective surface coating on the ab-
sorber plate ((10) through (17)). One other scheme that is very helpful 
is to use low-iron and anti-reflection coated glass for cover plates 
(18) • The efficiency of the collector treated with these two methods 
can be in the range of 0.4 to 0.6 operating in the temperature range be-
tween 75°C and 95°C. 
Compared with the development of the falt plate solar energy collec-
tor, the development of the absorption chiller for solar cooling systems 
was not as successful. The low COP of the absorption chiller is due to 
a low temperature heat source (19) (20) (21). In an effort to improve 
the COP, several absorbent-refrigerant pairs other than lithium bromide-
water and ammonia-water have been studied. Sargent and Beckman (22) pro-
posed to use ammonia-sodium thiocyanate to replace ammonia-water. 
Swartmen, Ha, and Swaminathan (23) compared the performance of these two 
absorption chillers. The ammonia-sodium thiocyanate pair eliminates the 
requirement of a rectifying column but does not lower the required heat 
source temperature. Farber, Morrison, and Ingley (24) compared several 
absorbent-refrigerant pairs and selected ammonia-water for their air-
cooled absorption chiller. Ellington (25) and Macriss (26) conducted 
more comprehensive studies and concluded that lithium bromide-water ab-
sorption chiller yields the best COP. The only drawback of the lithium 
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bromide-water absorption chiller is its requirement of water cooling. 
Macriss (26) suggested adding another salt, such as lithium thiocyanate, 
to extend the crystallization temperature region and make air cooling 
possible. However, it also raises the required heat source temperature 
to above 120°C, which is out of the operating temperature range of most 
flat plate collectors. Some modified absorption refrigeration cycles 
such as multistage cycles have also been studied but without much suc-
cess (27) (28) • Between lithium bromide-water and ammonia-water absorp-
tion chillers, the former is favored for solar cooling applications be-
cause of its higher COP and lower temperature requirement (29) (30) (31). 
The lithium bromide-water absorption chiller specifically designed for 
solar energy applications can be operated with COP between 0.5 and 0.8 
at a heat source temperature between 75 and 95°C (32). This performance 
is not ideal but is considered to be practical and acceptable. 
An improved solar collector and lithium bromide absorption chiller 
were installed and evaluated in the Colorado State University Solar 
House I (33). The COP of the absorption chiller was measured to be 
about 0.6 during periods of high cooling demand, i.e., when cooling de-
mand is near the designed value. But the COP dropped to nearly 0.3 dur-
ing periods of medium and low cooling demand. Another experimental 
solar house in Japan also reported the same result (34). The degrading 
of the COP of the absorption chiller during medium and low cooling de-
mand periods presented a new and serious problem, especially so when one 
considers the fact that most of the time the cooling demand is well be-
low the design value. 
Beckman (35) suggested that the degrading of the COP of the absorp-
tion chiller is partially due to start-up transients. Rauch and Wood 
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(36) studied the start-up transient performance of the ARKLA three-ton 
solar absorption chiller. They reported that the absorption chiller 
needs about ten minutes to start producing cooling and that the instan-
taneous COP reaches the steady state value only after about 20 minutes 
of operation. Thus the cumulative average COP is reduced to about half 
of the steady state average value when it is only operated for 30 
minutes, 80 percent when operated for one hour, and 90 percent after two 
hours. To achieve a cumulative average COP that is comparable with 
steady state average performance, the chiller needs to be operated con-
tinuously for about three and one-half hours. The absorption chiller in 
the CSU solar house I recorded as many as 40 start-ups in one 24-hour 
period during low cooling demand. Therefore, the absorption chiller was' 
d f 1 th 30 · t · h I · · 1 operate or ess an m~nu es ~n eac operat~on; as a resu t, the 
COP was reduced to about 0. 3 (33). 
One other reason for the low COP of absorption chillers is the tran-
sient characteristics of the heat source temperature, the cooling water 
temperature, and the cooling demand, as pointed out by Miller (37) and 
Newton (38). Generally speaking, the insolation reaches its maximum at 
solar noon and hence the heat source temperature. However, the cooling 
demand does not reach its maximum until four to six hours later. This 
time difference between the maximums of the heat source temperature and 
cooling demand causes the absorption chiller to operate at unfavorable 
conditions most of the time and produce cooling with low COP. 
Beckman (35) reviewed some possible solutions for the degrading of 
the absorption chiller's performance. One is to deliberately underdesign 
the capacity of the chiller to force it to work more continuously. How-
ever, this scheme will lead to unsatisfactory performance during high 
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cooling demand periods because of the lack of capacity. The other 
scheme is to use chilled water storage. Ward, LOf and Uesaki (39) de-
signed a system with chilled water storage for the Colorado State Uni-
versity Solar House III. However, their method for choosing the size of 
the chilled water storage is based on the time desired for the chiller, 
operating at its maximum capacity, to complete chilling the storage water 
in the tank. This method only provides a coarse estimate of the required 
size of the chilled water storage and the performance of the chiller. 
The literature search indicated that there exists a new and serious 
problem of solar cooling systems in the degrading of the absorption 
chiller during medium and low cooling demand periods. The chilled water 
storage offers an attractive solution to this problem, yet no systematic 
investigation of this scheme has been reported in the literature. It is 
therefore worthwhile to conduct a comprehensive study on this scheme. 
CHAPTER III 
THE ENERGY FACTOR OF THE SOLAR 
ENERGY COOLING SYSTEM 
The energy factor of the solar energy cooling system will be de-
fined as the ratio of the heat removed from the conditioned space to 
the total solar radiation falling upon the collector surface. Because 
the solar energy collected is not necessarily processed immediately to 
produce cooling, the energy factor in this context is a time averaged 
I 
factor and not an instantaneous one. Solar energy cooling systems are 
composed of many components, such as the solar energy collector, circu-
lation pipes and pumps, energy storage tanks, absorption chiller, cool-
ing tower, room air handling unit, etc. The energy factor of the system 
is a function of the efficiencies of all these components. The most im-
portant among these are the efficiency of the solar energy collector and 
the COP of the absorption chiller. The energy factor of the system is 
directly proportional to the product of these two terms. In this chap-
ter these two major factors, namely the efficiency of the flat plate 
solar energy collector and the COP of the absorption chiller, will be 
examined. The role of the chilled water storage in improving the per-
formance of these two components will also be discussed. 
Efficiency of the Flat Plate Solar Energy Collector 
The performance of a flat plate solar energy collector can usually 
9 
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be described as an energy balance equation. The most celebrated of this 
type is the Hottel and Whillier (40) collector equation. It expresses 
. 
the rate of total useful energy gain Qu as 
. 
(T. ) ] Qu = F A [HT (Tet) - UL - T R c 1 a 
( 3 .1) 
where 
m c -F' UL A 
F 
p 
[1 - exp . c) 1 R· U·A m c 
L C p 
(3.2) 
In this equati.on the collector heat removal factor F R' the collec-
tor efficiency factor F', the collector overall energy loss coefficient 
UL, and the transmittance-absorptance product, Ta, are related to the 
physical structure·of the collector. Generally, these four parameters 
can be considered as constants for a given design and mass flow rate of 
collector fluid, and the equation still can predict the performance of 
the collector with reasonable accuracy (41). Therefore, the performance 
of a given collector is a function of only four parameters, namely the 
rate of total radiation incident on the collector surface HT, the arnbi-
ent temperature T , the fluid flow rate, and the fluid inlet temperature 
a 
T .. As can readily be seen in Equation (3.1), the performance of the 
l 
collector is better when HT and Ta are high and Ti is low. Since T. is 
l 
largely determined by the hot water storage tank temperature, it can be 
concluded that the lower the hot water storage tank temperature, the 
higher the collector efficiency. 
COP of the Absorption Refrigeration Cycle 
The basic absorption refrigeration cycle is comparable in some ways 
to a combination of a heat-engine and a vapor-compression refrigeration 
11 
cycle (42). Figure 1 illustrates the similarity of these two systems. 
The COP of an ideal absorption refrig.eration cycle is often written as 
COP 
where 
Th = absolute temperature of the heat source; 
T absolute temperature of the heat sink; and 
s 
Tt = absolute temperature of the refrigeration load. 
The first term on the right corresponds to the efficiency of a Carnot 
cycle, whereas the second term is the COP of a reversed Carnot cycle 
which is an ideal vapor-compression refrigeration cycle. It is obvious 
that if one raised the heat source temperature and kept the other two 
temperatures constant, the efficiency of the Carnot cycle will increase 
while the COP of the reverse Carnot cycle remains constant. The result 
is a higher COP of the system. On the other hand, raising the heat sink 
temperature will lower the COP of the system. Based on this, one might 
conclude that high heat source temperature and low heat sink temperature 
is always desirable for the absorption refrigeration cycle. However, 
for a real refrigeration cycle, higher heat source temperature does not 
always result in higher COP. 
The main reason for the departure of the real refrigeration cycle 
from the ideal cycle lies in the fact that the refrigerant is super-
heated when it is separated from the absorbent in the generator. In 
Figure 2 the absorbent and refrigerant cycles are plotted separately. 
Since the refrigerant after evaporating in the evaporator, state 8, is 
absorbed by the absorbent and will not be separated from the absorbent 



















(a) Combination of neat Engine Cycle and Vapor-














Figure 1. Schematic of the Basic Absorption 
Refrigeration Cycle and the Com-
bination of the Heat Engine and 









Figure 2. The Absorbent and Refrigerant Cycles 
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states cannot be represented in the T-S diagram of the refrigerant and 
therefore is only connected by a dashed line. The temperature of the 
strong absorbent and the refrigerant leaving the generator, T3 and T5 , 
respectively, are equal to each other because both are in contact with 
the same heat source temperature. Furthermore, state 5 is always in the 
superheated region due to the fact that the addition of the absorbent 
raises the boiling temperature of the refrigerant. It can be proved 
that higher generator temperature, for example, T; instead of T3 , ~ill 
improve the efficiency of the absorbent cycle. However, for the refrig-
erant cycle, being a reverse cycle, the same higher generator tempera-
ture, TS, will result in lower COP. The effect on the COP of the system 
is determined by the balance of the gain of the absorbent cycle and the 
loss of the refrigerant cycle. 
I 
When the generator temperature is rela-
tively low,the gain is generally greater than the loss. Continuing in-
crease of the generator temperature, however, will produce a lesser gain 
of the absorbent cycle due to the increase of the absorbent concentra-
tion. It will reach a point where the loss of the refrigerant cycle be-
gins to outweigh the gain of the absorbent cycle. Further increase of 
the generator temperature will only lower the COP of the system. Figure 
3 shows the COP and capacity data for a 25-ton absbrption chiller (32). 
The COP clearly has a maximum around 82°C hot water inlet temperature. 
Note that the capacity at this point is only about 80 percent of the de-
signed capacity. 
Role of the Chilled Water Storage 
The chilled water storage, apart from storing solar energy in the 





Chilled Water Outlet Temp.: 7.22C 
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Figure 3. COP. and Capacity Data for the ARKLA 25 Ton 
Absorption Chiller--Solaire 300 (Capaci-




concerning the energy efficiency of the solar cooling system. First, it 
enables the absorption chiller to work more continuously. The absorp-
tion chiller is controlled by the temperature of the chilled water stor-
age tank and the hot water storage tank. It is activated when the 
chilled water temperature is above the upper set temperature and contin-
ues working until the chilled wat~r temperature is below the lower set 
temperature or the hot water tank temperature is below the minimum re-
quired heat source temperature of the chiller. In this manner the opera-
tion time of the chiller depends mainly on the sizes of the chilled 
water and hot water tanks and not on the uncontrollable cooling demand, 
as in the case of a system without chilled water storage. 
Second, it enables the absorption chille+ to work with higher COP. 
' 
The absorption chiller performs with higher COP at a capacity about 80 
percent of the designed capacity as mentioned in the previous section. 
In a system without chilled water storage, the chiller has to work at 
its designed capacity in order to meet the cooling demand during the 
high cooling demand period,. Thus the chiller requires a higher heat 
source temperature and yet produces cooling with lower COP. With 
chilled water storage, the chiller can work with higher COP and lower 
heat source temperature' which in turn improves the collector efficiency. 
CHAP'fER IV 
PERFORMANCE OF SOLAR ENERGY COOLING SYSTEMS . 
WITH CHILLED WATER STORAGE 
The performance of a solar energy cooling system can generally be 
evaluated by detailed system simulations. Simulation methods are parti-
cularly useful for investigating the dynamic relationships between sys-
tem components which if done by experiments will be too costly and time 
consuming. In this chapter the design of a solar cooling system and the 
formulation of its simulation model will be described. Simulations were 
done to study the performance of the system with respect to the sizes of 
the chilled water storage, hot water storage, and collector area. 
The System Configuration 
A schematic diagram of the solar cooling system is shown in Figure 
4. The system uses double glazed, selective surface solar energy collec-
tor. An antifreeze solution is used as collector fluid to avoid the 
problems of freezing, boiling, and corrosion. The solar energy collect-
ed by the collector is transferred to the hot water storage tank through 
a heat exchanger, HE-1 in the diagram. A second heat exchanger, HE-2, 
is used to dissipate the heat when the hot water temperature becomes too 
high, for example, 95°C or above. The circulation of the collector 
fluid and hot water is controlled by a controller, C-1, which senses the 
































temperature from the collector is 8°C higher than the hot water tempera-
ture, the controller turns on the circulation pumps P-1 and P-2 to start 
~ollecting solar energy. When the hot water temperature reaches 95°C 
and the collector temperature is still higher, the controller turns off 
pump P-2 and diverts the collector fluid through heat exchanger HE-2 to 
diSsipate the heat to the environment, thus preventing the collector 
from overheating and the hot storage water from boiling. When the col-
lector outlet temperature is less than 4°C higher than the hot water 
temperature, both pumps will be turned off and the circulation stopped. 
The hot water stored is used to power the absorption chiller when 
chilling is demanded. The operation of the absorption chiller and the 
back-up reciprocating chiller is controlled by controller C-2. Control-
ler c-2 senses the temperature of the chilled water and the hot water. 
When the, ·chilled water temperature is above 9°C and the hot water tem-
perature is higher than 82°C, the controller turns on the absorption 
chiller to remove heat from the chilled water storage until the chilled 
water temperature drops to 6°C or the hot water temperature drops below 
72°C. If the hot water temperature is not high enough to power the. 
absorption chiller and the chilled water temperature rises above l0°C, 
the reciprocating chiller will be activated to lower the chilled water 
temperature to 9°C. 
The chilled water delivery pump which delivers chilled water .to the 
air handling unit is controlled by the room thermostat. The amount of 
chilled water flowing through the air handlihg unit is controlled by con-
troller C-3 which senses the return air temperature. The unused chilled 
water is returned to the pump suction. The used chilled water is either 
returned to the chilled water storage tank when none of the chillers is 
20 
operating or mixed with the chilled water drawn from the storage tank 
and pumped to the chiller to be chilled and then returned to the storage 
tank. 
The Simulation Method 
A general simulation program for solar energy systems called TRNSYS 
(43) was used throughout this study for formulating the simulation model. 
Figure 5 is the information flow diagram of the solar cooling system de-
scribed in the previous section. The chilled water circulation sequence. 
has been rearranged for the sake of modeling simplicity. The rearrange-
ment, however, does not change the basic operating characteristics of 
the system. 
The driving forces of the solar cooling system are the meteorologi-
cal forces such as solar radiation, wind speed, dry bulb and wet bulb 
temperatures. In the simulation process, these forces are introduced by 
means of input to the simulation model. These input are in the form of 
hourly data measured in or near the location of interest. The solar 
radiation used is the global value on a tilted surface facing south with 
the tilt angle equal to the latitude of the given location. Usually, 
the simulation has to be carried out for a time period on the order of 
many years to obtain a sensible indication of the long-term performance 
of the system. However, this will require substantial computer time and 
hence is not economical. In order to circumvent this, a typical year of 
meteorological data was used. Typical meteorological years for 26 SOLMET 
stations have been developed by Hall et al. (44). The ability of these 
typical meteorological years to predict the long-term performance of 
solar systems has been shown to be satisfactory by Freeman (45), 
... 
f I 
l r:--1 I G'SC) 
!® ,k ,~ T 
' 1 • • r, 1 
1'1 Q 
I@ J Y 
i i Th,Mh;TL.,M~,. ;To, 
! i HOT WATER ; 
I I Tn ,I~ i\_,Ml. 1T., l 
I CHIL.I.£0 WATER I 
I tlEAT EXCIWa:R i i ST~RAGE • 
1i M . li . I )1tj ,MH ;Tt ,MI I 1 H,· t-tj c,Mc , '-' -,---,,--
f"-- - T- -E- -~- ._,_ - - """'E----_;__;_~'1 
I I 1 ! r-, i . I 
I@.~ 'Y _;,--, : G) 'V ,1, 
I I . -v 11 1 • ·I , 1 T,; Tz, gl 1 1 ,1j,M1 ;T2,t.'z 
I J ' j I ! 1 CONTROL.LER: J ., TIE PI~CE . 
I -l 1 T. M ! UQ I I 0 o 0 
r-- .,.~ 1 I 
I I ST011AGE ! I Tr1 ,MH ;TI ,MI 
r-, f;'----;; -=J 
I 1 I 1j11 I 6•7C r-1 1 ; 1 
® I ' " I \!.!:/ ,,, ! I ; i cp 
1i ; Tz ; 0'; . I , T, ;Tz ; 't. ·. I ! r.i\ i ' I I I I ; :0 v w 
I CONT. ROL.L.ER I ! : CONTROLL£Ri ! : ' ! T ~1 • v I " I I "' I! '. ·. I •' I • 0 1 Oo • Do · 1 ' · I 
1000----7' 1=-~.' i PUMP I 
I r - - - - - :v I ' To ,t:1o I 
Q, 0 ·~ I 
! 1£.._- -~--- -~-~ 
r-----~ 0 1 · l 
~, "',· "·, I I. I! 
0 0 ·-----'. 
! CONTROLL.ER ! ! .. · .'jOI (i) r- ~' W ,:, I IIi' 1 \!¥) r--, T, ,M1 ;'6 
I\!)"' ,, '¥ I PUMP . 
j I T, : Tz.; 1; I I I To ~1o 
! CONTi.CLL.ER l ! ' I i 
I I t. I : ~S?. 
i 
I I , ® "" "' 0 ' I t--- -7 I T; ,M, ; To;Hr I T0 ,M I I I HEAT I 
I 
COI..I..£CTCR ' EXCH I I 
I I To .~Ao ;0~ T1, 
I I 
I 
-.:.:,. ________ -.., I I "<-----------,, I 





T1 M1 ·T2 M2 
DATA REAOER 
Tan,Tw~~ ,HT ,CL. 
,[t '~ , 
' .,) \!.V \1 
I o. ' t 1i .1~1 
I '~!-l 
r--..J @.J." •1• 1 
,c;_ • t I 
! 
ROOIA 4 A. H.U. 
T; .~1, 
PUMP 
1 ! 1j ;T2 ; o1 I 1 
: j CONTR CUE R i . 
I I ~. i ! 
cpt.-, r--;.! i l i 
, I 
~ I : 
i 
I 
12 w "' \Y Tn ,Mn ;T,h,Mch ; r I I ;Twb I 
i 
I ABSORPTION CHIL.\..ER I 
! rH ,MH ; "fcH.~:loiA;ac;eoPI 
I 


























Figure 5. Information Flow Diagram of the Solar Cooling System Simulation Model 
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especially in predicting averaged yearly or seasonal performance. In 
this study the interest was in the performance of the solar cooling sys~ 
tern in an averaged cooling season which was defined as consisting of six 
months, from May to October. Therefore, in the simulation the data of 
these six months of the typical meteorological year were used. 
The cooling load of a building of medium construction was also used 
as input. A description of the physical parameters of this base build-
ing is presented in Appendix A. The simulation model for computing the 
cooling load of this building was formulated by using TRNSYS which em-
ploys the ASHRAE transfer function method. The cooling load was computed 
for the six months cooling season from May to October using typical 
meteorological year data of the given location. In order to match the 
cooling load with the cooling capacity of the absorption chiller used in 
the system, which has a designed capacity of 25 tons, the cooling load 
calculated was multiplied by a constant to obtain a peak cooling load 
equal to 25 tons. The resulting cooling load data were then used repeat-
edly for all simulations of the system in the same location. 
The Component Models 
The mathematical models of the system components used in the simula-
tion \Jill be described in this section. Some of the models which have 
only a small effect on the performance of the system are excluded. The 
details of these models such as pumps, flow diverters, and controllers 
can be found in Reference (43). The computer programs of the models 
that are different from the ones already existing in TRNSYS and the input 
to the TRNSYS program are listed in Appendix B. 
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Solar Energy Collector 
The collector model employs the Hottel and Whillier collector equa-
tion (Equation (3.1)). The collector efficiency factor F', the collec-
tor heat removal factor FR, the collector overall energy loss coefficient 
UL, and the transmittance-absorptance product Ta in the equation are 
treated as constants. Since selective surface collectors are gener-
ally required for solar cooling applications, the typical values for this 
type of collector were chosen for these four parameters. They are: 
F' 0.98 
FR = 0.94 





The heat exchanger between the collector and the storage tank is a 
counterflow heat exchanger. The actual rate of heat transferred Q can 
HE 
be expressed in terms of the effectiveness of the heat exchanger E as 
where 
. 
QFIE = EC . mJ.n (Th . - T . ) ,J. c,J. 
E = heat exchanger effectiveness; 
C . minimum capacitance rate; 
mJ.n 
Th . = inlet collector fluid temperature; and 
,J. 
T . = inlet storage water temperature. c,J. 
(4 .1) 
Because the specific heat of the collector fluid is lower than water and 
the mass flow rates of the two streams are equal, the collector fluid 
24 
has the minimum capacitance rate. The outlet collector fluid tempera-
ture and storage water temperature can then be written as 
T = Th . - E:(Th . - T . ) h,o ,l. ,l. C,l. (4. 2) 
T 
ch 
(Th . T . ) T = + E: -c,o c,i c ,l. C,l. (4. 3) 
c 
where 
T = collector fluid outlet temperature; 
h,o 
T = storage water outlet temperature; c,o 
ch = collector fluid capacitance rate; and 
c = c storage water capacitance rate. 
The effectiveness of this heat exchanger was assumed to be 0.75. 
Storage Tank 
The model of the storage tank assumes that the water in the tank is 
fully mixed and has a uniform temperature. This assumption ignores the 
effect of thermal stratification. Although thermal stratification will 
result in nonuniform temperature distribution, its effect on the perform-
ance of solar systems is generally not very large. In addition, a model 
that takes into account the thermal stratification will require substan-
tially more computer time for the simulation. Therefore, a fully-mixed 
tank model was used. The fully-mixed tank model is described by an 





M = total mass of storage water; 
C = specific heat of water; 
p 
T storage water temperature; 
Qin = rate of total heat transfer 
Qout = rate of total heat transfer . 
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into the tank; and 
out of the tank. 
In the case of hot water storage, Qin is the energy collected from . 
the collector; Qout is the sum of the heat loss to the environment and 
the energy supplied to the absorption chiller. For the chilled water 
. 
storage, Q. is the sum of the heat gain from the cooling load and the 
~n . 
heat gain from the environment; Q is the heat removed by the chiller. 
out 
Absorption Chiller 
The absorption chiller was modeled from the performance data for 
the ARKLA Solaire 300 chiller, which has a design capacity of 25.5 tons • 
. 
The model expr~sses the energy input from the heat source Qh and the 
. 
capacity of the chiller Qc as follows: 
For the energy input 
. 
Qh = -524245.0 - 76982.3 Th + 213556.0 T8 
+ 325587.0 (T 0 • - T 0 ) + 1169.77 Th2 - 836.132 T2s 
x..,~ x..,o 
- 7889.71 Th (T 0 • - Tn ) + 8794.59 T (T 0 • - T 0 ) x..,1 x..,o s x..,~ x..,o 
(4. 5) 
For the capacity 
during the first 15 minutes 
(4. 6) 
(T n • 
x..,~ 




T n ' 
"''~ 
T Jl.,o 
~ = 19680.0 Kg/Hr 
mR, = 13620.0 Kg/Hr 
m 20367.0 Kg/Hr s 
= hot water inlet temperature in degrees C; 
= condensing water inlet temperature in degrees C; 
= chilled water inlet temperature in degrees C; 
= desired chilled water outlet temperature i.n degrees C; 
mass flow rate of the hot water; 
m,Q, = mass flow rate of the chilled water; and 






However, for every combination of the hot water inlet temperature, the 
condensing water inlet temperature and the desired chilled water outlet 
temperature, there is a maximum inlet chilled water temperature above 
which the chiller is not able to provide the desired outlet water temper-
ature. This maximum temperature, T0 , is expressed as "',max 
T 
Jl.,max 
= -51. 991 + 0. 70636 Th + 1.8395 T - 0.144089 T 
s . Jl.,o 
- 0.0036014 Th2 - 0.042221 T2s - 0.014912 T2 Jl.,o 
+ 0.035438 T T 
s £,o 
(4.10) 
If the chilled water inlet temperature is higher than T0 , the chiller "',max 
will perform at its maximum capacity which,is the capacity when the inlet 
chilled water temperature equals T 
· Jl,,max The energy input and the capa-
city can be calculated using T replacing actual T n. . • The chilled 
!/,,max "''l 
water outlet temperature in these circumstances is not the desired outlet 
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temperature but equal to Tn + (Tn . - Tn ). Figures 6 and 7 com-
N,o N,1 N,max 
pare the energy input calculated with the model developed and the ones 
from the performance data. The modeled values have less than 3 :.percent 
error. 
Cooling Tower 
The cooling tower model assumes constant water and air flow rates. 
This model is suggested by the ASHRAE task group on energyrequirements 
for heating and cooling of buildings (46). It expresses the temperature 
of the water leaving the cooling tower as 
where 
TCW = 83.4854 - 5.59771 TWB + 0.115708 T~- 2.03676 THW 
2 
+ 0.00825167 THW + 0.188583 THW TWB 
2 2 
- 0.00360811 TWB THW - 0.000857333 TWB THW 
+ 0.0000180777 T 2 T2 
WB HW (4.11) 
TCW = temperature of water leaving cooling tower in degrees C; 
THW = temperature of water entering cooling tower in degrees C; and 
TWB air wet bulb temperature in degrees c. 
The absorption chiller requires the condensing water temperature to be 
not lower than 24°C. To satisfy this requirement, the air fan of the 
cooling tower is usually turned off when the water temperature in the 
sump drops to 24°C to avoid further cooling of the water. Therefore, in 

















Chilled Water Outlet Temperature: 4.44°C 
. 
Q (KJ/sec) h,predicted 
Figure 6. Comparison of the Model Predictions and Experimental 


















Chilled Water OUtlet Temperature: 7.22°C 
Qh,predicted (KJ/sec) 
Figure 7. Comparison of Model Predictions and Experimental 
Data for Solaire 300 Chiller (II) 
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Air Handling Unit and Room Air Temperature 
The air handling unit removes heat from the conditioned space air. 
The rate of heat removal from the space, i.e. I the heat extraction rate, 
is a function of the cooling load, air temperature, time, etc. The heat 
extraction rate can be calculated by using the room air transfer function 
(47) (48). It is written as 
go s 





It = T I g. -
rc i=O 1 
(4.13) 
. . 
Q + Q 
x,min 
wt = 
x,max - ST* (4.14) 
2 r 
. . 
s = (Q - Q . )/b.T (4.15) x,max x,m1n r 
where 
gi' p, = coefficient of room air transfer function; l . 
QL,t-ib. cooling load at time t-ib. i 
;'. 
Qx,t heat extraction rate at time t; . 
Qx, t-b. = heat extraction rate at time t-b.; . 
Qx,max = maximum heat extraction rate of air handling unit; . 
Qx,min = minimum heat extraction rate of air handling unit; 
T = room air temperature at time t-iA; 
r,t-ib. 
T constant room temperature used for calculating cooling rc 
load; 
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T* = r thermostat set point temperature; and 
6.T = throttling range of thermostat. r . . 
If the value of Q calculated is 
x,t 
greater than Qx,max' it is made equal . . . 
to Q ; if it is less than Q . it is made equal to Q . . Then 
x,max x,m1n, x,m1n 




























the parameters used in this research are as 
316305 KJ/Hr = 300,000 BTU/Hr 
0 KJ/Hr = 0 BTU/Hr 
25C = 77°F 
25C = 77°F 
1. 67C = 3°F 
28827 KJ/Hr°C -= 15189.5 BTU/Hr°F 
-29440 KJ/Hr°C = -15512.4 BTU/Hr°F 






The typical meteorological year data for Dodge City, Kansas, and 
Fort Worth, Texas, were chosen for studying the effect of the sizes of 
the chilled water storage, hot water storage, and collector area on the 
performance of the solar cooling system. The seasonal total solar radia-
tion falling on a unit area of the collector in Dodge City is larger than 
h . h 4 4 106 1 2 · · 6 2 t at 1n Fort Wort : . 6 x KJ m 1n Dodge C1ty and 3.89 x 10 KJ/m 
32 
in Fort Worth. The seasonal total cooling load of the base building 
used in this study, however, is higher in Fort Worth than in Dodge City. 
They are 4.094 x 108 KJ and 3.458 x 108 KJ, respectively. 
The effects of the size of the chilled water storage are plotted in 
Figures 8 and 9. The solar fraction is defined as the fraction of the 
total cooling load that is supplied by the solar energy source. The sys-
tern without chilled water storage, i.e., chilled water storage volume 
equal to zero, has a system configuration slightly different thari the 
system with chilled water storage. It also uses a different control 
strategy in that the chillers are controlled by the ro0m air temperature 
and not by the chilled water storage tank temperature. The dashed lines 
in the figure between chilled water storage volume equal to 0 m3 and 
I 
3 10 m are to suggest this change of the system configuration and control 
strategy. The effect of the size of the chilled water storage is evident 
in both figures. The COP of the system with 40 m3 chilled water storage 
volume is about 60 percent higher than the COP of the system without 
chilled water storage in Dodge City and about 30 percent higher in 
Fort Worth. The solar fraction of the former system is about 47 percent 
higher than the solar fraction of the latter system in Dodge City and 25 
percent higher in Fort Worth. There are three important characteristics 
in the figures worth discussing. First, the slope of the curves, which 
levels off when chilled water storage volume is near 40m3 , suggests a 
maximum of both the COP and the solar fraction in this reqion. Second, 
the COP of the system is higher in Fort Worth, Figure 9, than in Dodge 
City, Figure 8. On the contrary, the solar fraction is lower in Fort 
Worth. This reflects the relative values of the solar radiation and the 
























Collector area = 400 m 
1. Hot water storage volume = 30m3 
\7 --solar fraction; T --COP 
3 
2. Hot >:ater storage volume = 20 m 
D --solar fraction; • --COP 
o. 3 ----- -·--- _ l ___ --·----···----- _j_=-____ __.. ______ _, 
0.0 10.0 20.0 30.0 40.0 
Ch.illed '\'later Storage Volume (m3) 
Figure 8. Simulation Results of the Solar Cooling 
System With Various Chilled Water 
Storage Volumes for the Base Building 


















Collector area = 400 m2 
3 
1. Hot water storage volume = 30 rn 
"\1 --solar fraction; T --COP 
3 
2. Hot water storage vol.urne = 20 rn 
0 --solar fraction; • --COP 
_____ _j _____ ---------·-····- ·- _J __________ ____j ______ __. 
0.0 ]0.0 /0.0 30.0 
Chi ll!!<l W.itPr Slora<JC Volume (m3) 
Figure 9. Simulation Results of the Solar Cooling 
System With Various Chilled Water 
Storage Volumes for the Base Building 




load causes the chiller to work more continuously and hence has a higher 
COP. However, the lower solar radiation and higher cooling load to-
gether make the solar fraction low. Third, the slope of the curves for 
Dodge City is greater than the slope of the curves for Fort Worth. This 
shows that the size of the chilled water storage is more important in 
the location whe.re the ratio of the available solar energy to the cool-
ing load is higher. 
In Figures 10 and 11 are the performance of the system with various 
sizes of the hot water storage. The effect of size of the hot water 
storage on the COP is relatively small. However, its effect on the 
solar fraction is quite large. The solar fraction of a system with 
40 m3 hot water storage is about 22 percent higher than that of a system 
with only 10 m3 hot water storage in Dodge City and about 18 percent 
higher in Fort Worth. The three characteristics mentioned in the previ-
ous section, namely the existence of maximum for the solar fraction and 
the COP, the higher COP and lower solar fraction in Fort Worth, and the 
greater slope of the curves for the COP and the solar fraction in Dodge 
City are also observed in Figures 10 and 11. 
The effect of the collector size on the performance of the cooling 
system can be found in Figure 12. Understandably, the solar fraction of 
the system increases with the collector size. However, the COP of the 
absorption chiller is inversely proportional to the collector area.· The 
COP curves in Figure 12 bear a remarkable resemblance to the COP curves 
in Figures 10 and 11. The only difference is the sign of their slope in 
that the slope of the curves is negative in Figure 12 and is positive in 
Figures 10 and 11. This points out an important fact: increasing the 
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Collector area = 400 m 
1. Ch.illed water storage volwne 
V- -solar fract:ion; T --COP 
0 ---solar fraction; • --COP 
- - _________________ __) _________ j _______ _ 
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!lot \·::Jter Ston,gt: Volume (m3) 
Figure 10. Simulation Results of the Solar Cooling System 
With Various Hot Water Storage Volumes for 









Collector area = 400 m 
J. Chilled Wi'ltcr storage volume 
\/--solar energy; "'f --COP 
2. Chilled water storage volume 
0 --solar cne1gy; • --COP 
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!lot. vlater Storage Volume (m3) 
Figure 11. Simulation Results of the Solar Cooling System 
With Various Hot Water Storage Volumes for 
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l. Chilled water storage volume = 30 m3 
3 
Hot water storage volume = 30 rn 
\7 --solar fraction; T --COP 
3 
2. Chilled water stor·age volume = 20 m 
llot water storaqe volume = 20 m 
3 
0 --solar fraction; • --COP 
0.3 
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_________________ l_ _________________ __. __ 
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Collector ~rca (m2) 
Figure 12. Simulation Results of the Solar Cooling 
System With Various Collector Areas 





as decreasing the hot water storage volume. Properly balancing the 
sizes of the collector area and the hot water storage volume, therefore, 
is very important for improving the system performance. 
CHAPTER V 
DERIVATION OF A SEMI-EMPIRICAL EQUATION FOR THE 
PERFORMANCE OF SOLAR COOLING SYSTEMS 
WITH CHILLED WATER.STORAGE 
A simulation model is a very useful tool for the design of solar 
cooling systems. However, for designers who do not have access to com-
puter facilities, it is not a practical method. In addition, using simu-
lations to design solar cooling systems is often repetitious and time 
consuming, especially when optimizing a system which requires evaluating 
the system performance numerous times to obtain an optimum design. For 
these reasons it is desirable to develop a simpler method for evaluating 
the performance of solar cooling systems. In this chapter the approach 
used to derive a semi-empirical equation for predicting the performance 
of solar cooling systems with chilled water storage will be described. 
The term "semi-empirical" refers to the fact that the data used to derive 
the equation are generated by simulations instead of actual experiments. 
Selection of Parameters 
An empirical equation is developed by statistically correlating the 
performance data and the significant parameters of the system. Finding 
an accurate correlation depends to a large extent on the proper selection 
of the parameters. The selection of parameters is generally done by 
40 
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sensitivity analyses. The simulation described in Chapter IV can be 
used for this purpose. 
In Chapter IV, the sizes of the chilled water storage, the hot 
water storage, and the collector area were found to have significant 
effects on the performance of solar cooling systems. In addition, the 
cooling load and the meteorological conditions, notably the solar radia-
tion, the dry bulb and wet bulb temperatures, were also found to be im-
portant parameters. Generally speaking, the efficiency of the solar 
energy collector is also an important factor. However, the collectors 
suitable for solar cooling applications are limited to high efficiency 
collectors. Therefore, the difference in the collector efficiency for 
solar cooling systems is not large and can be excluded from the equation. 
The seven parameters selected were grouped into four dimensionless 
parameters. They are: 
p VH c p ~TH 
V* 
H - s A /N (5.1) 
c 
p vc c P ~Tc 
V* 
c - L/N 
(5.2) 








c - L (5.4) 
where 
p = density of water; 
VH = hot water storage volume; 
VC chilled water storage volume; 
~TH hot water temperature variation range; 
6TC = chilled water temperature variation range; 
C = specific heat of water; 
p 
A = collector area; 
c 
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S = seasonal total solar radiation incident on the solar collec-
tor surface per unit collector area; 
L = seasonal total cooling load; 
N = number of days in the cooling season; 
T08 design dry bulb temperature in absolute units; and 
TWB = mean coincident wet bulb temperature of the design dry bulb 
temperature in absolute units. 
The design dry bulb temperature and its mean coincident wet bulb tempera-
ture can be found in the ASHRAE Handbook of Fundamentals (49). The 
values used here were the 2.5 percent design values, which means that in 
only 2.5 percent of the total hours in the cooling season the dry bulb 
temperature is expected to be equal or above the design value. The pro-
ducts pVH CP 6TH in Equation (5.1) and pvc cp 6Tc in Equation (5.2) 
the hot water storage thermal capacity and the chilled water storage 
thermal capacity, respectively. 
Method of Generating Performance Data 
are 
Generating the performance data is another important step in devel-
oping an empirical equation. The performance data should provide as 
much information about the performance characteristics of the solar cool-
ing system as possible. Usually the amount of information is proportion-
al to the amount of performance data; however, so is the computer time 
required to generate the data. Therefore, a carefully planned method of 
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generating performance data was necessary to gain a maximum amount of 
information with a minimum number of computer simulations. 
Among the seven parameters selected in the previous section, the 
seasonal total solar radiation, the design dry bulb and wet bulb tempera-
tures, and the cooling load are weather and location dependent. If the 
typical meteorological year data were used, these four parameters will 
be constants for a given location, that is, they become location depen-
dent. To obtain enough variations of these four parameters, .the typical 
meteorological year data of several locations had to be used in the simu-
lations. Seven out of the twenty-six SOLMET stations, which have typical 
meteorological year data available, were chosen for this purpose. These 
seven locations have sufficient diversification in their weather patterns 
to provide enough variations of the four location dependent parameters. 
The value of these four parameters for the seven locations chosen are 
listed in Table I. 
The other three parameters, namely the sizes of the chilled water 
storage, the hot water storage, and the collector area, are design para-
meters. These three parameters are the ones that can be varied for a 
solar cooling system in a given location. The ranges of these three para-
2 2 meters condidered were between 240 m and 440 m for the collector area 
3 3 . 
and between 10 m and 40 m for both the chilled water and the hot water 
storage volume. The performance of the solar cooling system with differ-
ent combinations of the values of these three parameters ~s the informa-
tion desired. For generating the performance data, six values within 
the range considered were chosen for each of the three parameters. How-
ever, to simulate the solar cooling system with every combination of the 

















THE VALUES OF THE LOCATION DEPENDENT PARAMETERS 
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is a formidable task. To reduce the number of simulations required, a 
factorial plan was used (50) (51). The factorial plan with the six 
values used for the three parameters is shown in Figure 13. The number 
Of simulations is reduced to 36. The performance data resulting from 
these 36 simulations can provide sufficient information about the system 
performance characteristics, because each value of one parameter has 
been combined once with every value of the other two parameters. These 
36 simulations were carried out using the typical meteorological year 
data for Dodge City, Kansas. But for the rest of the seven locations, 
only 10 of the 36 simulations were performed for each location. The rea-
son for this is twofold. First, if 36 simulations were performed for 
each of the seven locations, the number of simulations would become too 
large. Second, the purpose of simulating the solar cooling system at 
different locations was to consider the variations of the four location 
dependent parameters. The variations of the three design parameters are 
less important in the last six locations, since the effect of the varia-
tions of these three parameters have already been fully considered in 
the first location. Nevertheless, the 10 simulations performed in each 
of the last six locations were carefully chosen so as to distribute even-
ly among the six values of the three design parameters. In addition, 
the way of arranging the factorial plan and the values for the three 
parameters were changed in some locations to avoid combining the values 
of the three parameters in a fixed fashion. The performance data re-
sulting from these simulations can be found in Appendix C. 
Formulation of the Semi-Empirical Equation 
Formulating the empirical equation was a difficult step, because 

































(1) (2) (3) (4) (5) (6) 
40 240 280 320 360 400 
( 7) (8) (9) (10) (11) ( 12) 
35 280 320 360 400 440 
( 13) (14) (15) (16) (17) (18) 
30 320 360 400 440 240 
(19) (20) (21) ( 21) (22) (24) 
25 360 400 440 240 280 
(25) (26) (27) (28) (29) (30) 
20 400 440 240 280 320 
(31) (32) (33) (34) (35) (36) 
10 440 240 280 320 360 
Figure 13. Factorial Plan for Selecting the Sizes of 
the Hot Water Storage Volume, Chilled 









there is no methodical procedure for selecting the form of the equation. 
In general, some helpful information can be obtained by plotting the 
performance data versus the parameters. However, in most cases, intui-
tion is often required in sensing the form of the equation to be used. 
The objective of the semi-empirical equation is to express the 
solar fraction SF in terms of the four dimensionless parameters derived 
previously, i.e., V~, V~, T*, and A~. The equation is expected to have 
the following form: 
(5. 5) 
The functions f 1 , f 2 , and f 3 may be any type of functions such as poly-
nomials or exponentials. If the exponential forms were used, these 
three functions can be written as 
a 
fl (A~) = A* 1 c 
a 
f 2 (T*) T* 2 
f (V* V*) 
3 H' C 
a a a 
a + a V* 5 + a V* 7 + a (V*, V*) 9 
3 4 H 6 C 8 H C 




So far, the equation is only a tentative equation. The success of 
the equation is judged by how well the equation is able to fit the per-
formance data. One definition of the goodness of fit is the sum of the 
squares of the deviation from the data point. The problem then is re-
duced to whether there exists a set of coefficients that enable the equa-
tion to have a sum of the squares of the deviation within an acceptable 
tolerance. A computer program called MARQ, developed by Chandler and 
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Jackson (52), was used for this purpose. This program performs a non-
linear least squares fit of a user-supplied function to a given set of 
data, using the Marquardt-S method, or the Gauss-Newton method, or a 
modified Gauss-Newton method. If the least squares fit could produce a 
set of coefficients with acceptable goodness of fit, the equation will 
be used. Otherwise, a new equation will be formulated and examined. 
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The coefficients were determined by using MARQ and the sum of the squares 
of the deviation from the performance data generated in the previous sec-
tion was found to be within acceptable tolerance. The final form of the 
equation was 
SF = A~0.531963 [3 . 39978 T*l.l018 0 144995 V* 1 ' 29191 . H 
+ 0.516818 V*-0.063994 - 0.179522 (V* V*)-0 "195043 ] (5.13) 
C H C 
The comparison of the equation predictions and some performance data of 
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Figure 14. Comparison of the Empirical Equation 
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Figure 15. Comparison of the Empirical Equation 




the equation predictions have less than five percent error. Only 3 of 
the 96 predictions have errors between five and six percent. 
There are two limitations of this equation. First, the equation 
was derived from simulation results using typical meteorological year 
data; therefore, it should be used only to predict the long-term aver-
aged seasonal performance. Second, the ranges of the component size are 
2 2 3 
limited to between 240 m and 440 m for the collector and between 10 m 
and 40 m3 for both the chilled water storage volume and the hot water 
storage volume. Although equation predictions of the performance of sys-
2 
terns with only 200 m collector area were found to have less than five 
percent error, using the equation to predict the performance of systems 
with component sizes which differ too much from these ranges is not 
recommended. On the other hand, a system with reasonably sized compo-
nents should be well within the ranges covered. 
CHAPTER VI 
ECONOMICAL ASPECTS AND OPTIMIZATION OF 
SOLAR COOLING SYSTEMS 
Economical feasibility is, in most cases, an important criterion for 
determining the practicability of solar cooling systems. The basic econo-
mical consideration concerning a solar cooling system is the total cost 
of the system versus the cost of the fuel saved during the expected life-
time of the system. Often the objective is to optimize the trade-off be-
tween the total cost of the system and the cost of fuel saved. In this 
chapter the significant cost parameters of solar cooling systems will be 
discussed first. Then a method for life cycle cost analysis will be de-
scribed. Finally, a general procedure for obtaining an economical opti-
mal system design will be presented. 
Significant Cost Parameters 
The total cost of a solar cooling system can generally be categorized 
as the costs of owning and the costs of operating the system. The costs 
of owning a solar cooling system are the costs associated with the ini-
tial investment, that is, the interest on the investment and its repay-
ment over a specified number of years related to its lifetime. The ini-
tial investment, however, should only include the costs of items that are 
not normally part of a conventional system, such as the costs of the col-
lector, the absorption chiller, cooling tower, storage tanks, and 
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associated controls, pumps, pipes, etc. Among these, some costs vary 
according to the size of the components, while others are relatively 
fixed. For example, the costs of the collector and storage tanks are 
size-dependent. On the other hand, the cost of the control system is 
largely independent of the system size. For simplicity of estimating 
the initial investment, the costs of the components were classified in-
to three categories. The first category includes the costs that are 
proportional to the size of the collector. These are the costs of the 
collector, its support structure, the circulation pumps and pipes, and 
heat exchangers. The sizes of these components all have to be designed 
according to the size of the collector; therefore, the costs of these 
items are proportional to the size of the collector. The second category 
includes the costs that are proportional to the sizes of the storage 
tanks. These are the costs of storage tanks, the necessary insulation 
materials, and support structures. The third category includes the 
costs that are independent of the sizes of either the collector or s~or-
age tanks. These costs are usually fixed for a given application. The 
costs of the control system, cooling tower, absorption chiller, and asso-
ciated pumps and pipes are in this category. The initial investment of 
a solar cooling system then can be expressed as: 
P = C A + C V + C 
A C S S E 
(6.1) 
where 
P initial investment; 
CA = total cost of first category components per unit collector 
area; 
AC = collector area; 
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c8 = total cost of second category components per unit storage 
tank volume; 
v8 = total storage tank volume; and 
CE = total cost of third category components. 
The operating costs are the costs of the power requirements for the 
circulation pumps and the maintenance costs. Maintenance costs include 
repairs, replacement of glass in collectors, or any other costs of keep-
ing the system in operating condition. Generally, the annual maintenance 
costs are proportional to the size of the system and usually amount to 
about one percent of the initial investment, while the annual pumping 
costs are on the order of one-tenth of the maintenance costs. Therefore, 
the total annual operating costs are often estimated as a fixed percent-
age of the initial investment with one percent of the initial investment 
being used most often (53). 
Life Cycle Cost Analysis: Annual Cost Method 
A life cycle cost analysis is the most used means for making econo-
mic evaluations of solar cooling systems. There are four life cycle 
cost analyzing methods, namely the present worth method, the rate of 
return method, the number of years to break even method, and the annual 
cost method (54). The annual cost method was adapted in this study be-
cause it is more natural for most people to think in terms of annual 
cost than in terms of the present worth or other methods of comparison. 
The annual cost method translates all nonannual costs to an annual 
cost basis. For the costs of a solar cooling system, the operating 
costs are already in the annual cost basis, that is, the annual operating 
costs are estimated to be about one percent of the initial investment, 
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whereas the owning costs and the cost of fuel saved are not in annual 
cost basis and need to be translated. 
The owning costs include the initial investment and its interest. 
If the initial investment is to be repaid with equal annual payments 
over a specified number of years, which usually is equal to the expected 
system lifetime, and the interest is charged on the amount that is not 
yet repaid and is compounded annually, the annual payment can be consid-
ered as the annual cost of ownership. It can be expressed in terms of 
the initial investment, the interest rate, and the number of years for 





R = annual cost or annual payment; 
P = initial investment or principle; 
i = interest rate; and 
n number of years for the repayment. 
(6.2) 
The first term on the right is the capital recovery factor which is used 
to translate the principle into regular payments with the specified 
interest rate and number of years for the repayment. 
To determine the cost of fuel saved, the average fuel saved per year 
by the solar cooling system and the real growth rate of the fuel cost 
have to be known first. The average annual fuel saved can be calculated 
using the solar fraction SF predicted by the semi-empirical equation de-
scribed in Chapter V (Equation (5.13)), the total cooling load of the 
building L, and the seasonal energy efficiency ratio SEER of conventional 
chillers, as follows: 
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Fuel Saved = (SF) (L) 
SEER 
(6. 3) 
The product of the solar fraction and the cooling load gives the amount 
of cooling load that is supplied by the solar energy source. This pro-
duct divided by the seasonal energy efficiency ratio of the conventional 
chiller used for comparison gives the energy that otherwise has to be 
supplied by conventional energy sources, that is, the fuel saved. 
The fuel cost at any future time can be calculated using the real 
growth rate of the fuel cost and the fuel cost at year zero. The fuel 
cost at the time m years from year zero is expressed as 
C = C (l+e)m 
F,m F,o (6. 4) 
where 
c = fuel cost at year m; F,m 
c = fuel cost at year zero; and F,o 
e = real growth rate of fuel cost. 
The real growth rate of the fuel cost is the growth rate of the fuel 
cost above the general economy growth rate. 
The cost of fuel saved at year m is equal to the product of fuel 
saved and the fuel cost at that year, that is: 
Cost of Fuel Saved ~ (SF ) ( L) C ( l + e ) m 
SEER F ,o 
(6.5) 
It can be seen in Equation (6.5) that the cost of the fuel saved is not 
constant but increases with the number of years. For the annual cost 
analysis, however, an averaged annual cost of fuel saved is needed. To 
derive an averaged annual cost of fuel saved, the total cost of fuel 
saved during the expected system lifetime is first translated into its 
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present worth. The present worth of total fuel saved can be considered 
as the capital already possessed. Equal annual withdrawal can be made 
!rom this capital over the system lifetime, with the amount not yet with-
drawn earning compound interest. The average annual cost of fuel saved 
is defined to be equal to the amount of this annual withdrawal. It can 
be calculated by multiplying the capital recovery factor by the present 
worth of the total fuel saved. The present worth of the cost of fuel 
saved in year m can be written as: 
PW 
m 
= (SF) (L) 
SEER 
c 
_F__,,:_m_ = (SF) (L) 







where (l+ i)m is the compound interest factor with interest rate equal 
to i. Therefore, the present worth of total fuel saved is 
PW = (SF) (L) 
SEER 
n 
c I F,o 
m=l 
m 
( l +e) 
l+i 
and the averaged annual cost of fuel saved is 
where 
G = [ i(l+i)n ](PW) 
{l+i)n-1 
= [ i(l+i)n] (SF){L) 
n SEER 
(l + i) - 1 
i = compound interest rate; discount rate; 
e = real growth rate of fuel cost; and 
n = number of years of system lifetime. 
(6.7) 
n m 
c I <1 + ~> 
F ,o m=l 1 + 1 
(6. 8) 
After the owning and operating costs and the cost of fuel saved are 
all on an annual cost basis, the net annual saving can be computed. The 
net annual saving is the difference between the annual cost of fuel saved 
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and the annual owning and operating costs as expressed by the following 
equation. 
SAV = [ i(l + i)n ] (SF) (L) n SEER 
(1 + i) - 1 
n m 
C \ (1 +e) 
F L l+1' 
' 0 m=l 
- [ i(l+i)n] P- 0.01 P 
(l+i)n-1 
(6.9) 
The first term on the right is the annual cost of fuel saved defined in 
Equation (6.8). The second term is the annual owning cost defined in 
Equation (6.2). The third term is the annual operating cost which is 
estimated to be one percent of the initial investment P. 
If the net annual saving of a solar cooling system is positive, the 
system is considered to be economically feasible. If the net annual 
saving is negative, the system is then impractical economically. It is 
important to point out that the solar fraction SF and the initial invest-
ment P are both dependent on the size of the solar cooling system. Al-
though the net annual saving is a function of many other factors, such as 
the fuel cost, components cost and their lifetimes, the size of the sys-
tern can have a significant effect on the annual saving. In Figure 16 
the annual saving of a solar cooling system for the base building in 
Dodge City, Kansas, was plotted versus the collector area with the fuel 
cost at year zero as a parameter. The annual saving is actually the sea-
sonal saving for a cooling season. The costs of the collector, storage 
tank, and their associated components, i.e., CA and C in Equation (6.1), ,s 
used in the calculation of the annual saving were half of the total esti-
mated costs. The reason is that these components can be used both in 
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Figure 16. Annual Saving of the Solar Cooling System With 
Various Collector Areas for the Base Build-
ing in Dodge City, Kansas (VH = 20 m3, Vc = 
10 m3, n = 20 years, e = 0.08, i = 0.08, 50% 
CA = $200jm2, 50% Cs = $100jm3, CE = $10,000, 
SEER = 2. 0) 
60 
expected to be paid by the fuel saved in cooling seasons. However, the 
costs of the third category components C used were the full estimated 
E 
costs since these components are used for the cooling operation only. 
2 
The annual saving for the system with collector area less than 200 m 
was plotted in the dashed line because these collector areas are outside 
the range for the semi-empirical equation used to calculate the solar 
fraction. The annual saving calculated in these collector area ranges 
is possibly not very accurate. In any event, a collector area less than 
200 m2 is not practical for a building with 25 tons design cooling load. 
It is obvious that the annual saving is a strong function of the collec-
tor area as well as the year zero fuel cost; however, the latter is not 
a controllable factor. The annual saving is negative for most of the 
fuel costs examined. It is also inversely proportional to the collector 
area in this fuel cost range. However, the optimum collector area in-
creases with the year zero fuel cost. It can be predicted that the opti-
mum collector area will lie within the reasonable range, i.e., greater 
2 
than 200 m , when the fuel cost is sufficiently high. The other impor-
tant fact is that the slope of these curves decreases when the year zero 
fuel cost increases; in other words, the annual saving becomes less sen-
sitive, although still significant, to the collector area. This makes 
it more acceptable economically to use a larger collector area when fuel 
cost is high to save more conventional fuel. In Figures 17 and 18 the 
annual saving was plotted versus the chilled water storage volume and the 
hot water storage volume, respectively. The annual saving is proportion-
al to both storage volumes. The effect of these two storage volumes in-
creases with the year zero fuel cost. Both of the above facts are in 
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Figure 17. Annual Saving of the Solar Cooling System With 
Various Chilled Water Storage Volumes for the 
Base Building in Dodge City, Kansas (Ac = 400 
m2, VH = 20 m3, n = 20 years, e = 0.08, i = 
o.os, 50% cA = $200jm2, 50% c 8 = $lOOjm3, 
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Figure 18. Annual Saving of the Solar Cooling System With 
Various Hot Water Storage Volumes for the 
Base· Building in Dodge City, Kansas (Ac = 400 
rn2, Vc = 20 m3, n = 20 years, e = 0.08, i = 
0.08, 50% CA = $200jm2, 50% Cs = $lOOjm3, 




proper design of these two storage volumes are more important when the 
fuel cost is high. For a given year zero fuel cost, the annual saving 
3 
reaches a maximum at about 35 m hot water storage volume in Figure 18, 
whereas the annual cost in Figure 17 increases continuously with a possi-
3 
ble maximum at a chilled water storage volume larger than 40 m • Figure 
19 shows the annual saving of a system with component lifetimes equal to 
25 years instead of 20 years used in the previous calculations (Figures 
16, 17, and 18). The annual saving in Figure 19 compared to that in 
Figure 17 is significantly greater. Therefore, improving system lifetime 
should be one of the major economical concerns for solar cooling systems. 
Optimization 
The annual saving of a solar cooling system was shown in the previ-
ous section to be a function of the fuel cost, component costs and life-
times, discount rate, cooling load and weather conditions, and size of 
system. Among these factors only the size of the system can be deter-
mined by the system designer; the other factors are determined by the 
location of the system, general condition of the economy, and type of 
system components available. Therefore, the problem of optimizing the 
economics of a solar cooling system is a problem of finding a system size 
that will yield a maximum annual saving for a given fuel cost, component 
costs, component lifetimes, discount rate, location, etc. 
The size of a solar cooling system is characterized by the sizes of 
its collector area Ac' chilled water storage volume VC, and hot water 
storage volume VH. Generally, there are practical limitations on the 
sizes of these three components. For the solar cooling system considered 
2 
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Figure 19. Annual Saving of the Solar Cooling System With 
Various Chilled Water Storage Volumes for the 
Base Building in Dodge City, Kansas (Ac = 400 
VH == 20 m3, n = 25 years, e = 0.08, i = 0.08, 
50% CA = $200jm2, 50% Cs = $100jm3, CE = 





m, and for both storage volumes is between 10 m3 and 40 m3 The 
sizes of these three components within their respective ranges which 
yields the maximum annual saving are the optimum sizes desired. In 




< A < 400 2 m - c- m (6.10) 
10 
3 
m < v 
H 
< 40 3 m (6.11) 
10 
3 
< 40 3 m < v m - c ( 6.12) 
Because of the presence of the inequality constraints, the problem can-
not be solved analytically. Instead, a numerical search method is 
required. 
There are several search methods available for finding the maximum 
of a multivariable, nonlinear function subject to inequality constraints 
(55). The method used in this study is a procedure developed by Fiacco 
and McCormick (56). The technique uses the original objective function 
and the problem constraints to form a new objective function which can 
be maximized by unconstrained, multivariable search method such as the 
generalized Newton-Raphson method. The computer program listings of 
this procedure can be found in Kuster and Mize's Optimization Technique 
With FORTRAN (55). 
The optimum annual saving and component sizes for the system in 
Dodge City, Kansas were plotted versus the year zero fuel cost in Figures 
20 and 21, respectively. The component costs and lifetimes used in these 
two figures were estimated based on the data found in the ERDA Facilities 
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Figure 20. Optimum Annual Saving of the Solar Cooling System 
for the Base Building in Dodge City, Kansas, 
Versus Year Zero Fuel Cost (e = 0.08, i = 0.08, 
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Figure 21. Optimum Sizes of Ac, VH, and Vc 
of the Solar Cooling System. 
(The curves are numbered in 




The four classes shown were to provide a general range of possible 
component costs and lifetimes. However, these should only be used as 
references, since the actual component costs and lifetimes vary with 
location and are also time-dependent. The optimum saving is a strong 
function of the fuel cost as expected. The effect of component cost on 
the annual saving is a weak function of the fuel cost; this can be seen 
in Figure 20 as curves 1 and 3 and curves 2 and 4 are almost parallel. 
The effect of component lifetime, on the other hand, is smaller when 
fuel cost is high, i.e., curves 1 and 2 and.curves 3 and 4 diverge when 
fuel cost increases. It seems that increasing component lifetime at the 
expense of higher cost is not practical when fuel cost is low, but be-
comes favorable when fuel cost is sufficiently high. The optimum size 
of chilled water storage volume is always greater than the optimum size 
of the hot water storage volume for any given year zero fuel cost. The 
optimum collector areas are small because of high collector cost. The 
close relationship between the hot water storage volume and the collec-
tor area can also be seen in Figure 21. This may be the reason for the 
optimum hot water storage volume being smaller than the optimum chilled 
water storage volume because hot water storage volume has to be reduced 
to fit the small collector area while chilled water storage volume does 
not. It needs to be pointed out here that in Figure 21, when the opti-
mum size of any of the three components is not within.its respective 
ranges considered, the size used is the upper or lower bound value, de-
pending on whether it is above or below the range. 
CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The findings of this study were classified into three categories. 
In the first category are the findings concerning the effect of the size 
of the solar cooling system on its performance, specifically the effect 
of the sizes of the chilled water storage volume, the hot water storage 
volume, and the collector area. In the second category are the findilings 
concerning the semi-empirical equation for predicting the solar cooling 
system performance. In the third category are those relating to the 
solar cooling system economics. 
size of the Solar Cooling System 
1. The use of chilled water storage in conjunction with hot water 
storage is an effective scheme for reducing the disadvantageous effects 
of inefficiency of the absorption chiller due to the start-up transient 
and the time difference between the peak cooling load and the peak solar 
radiation. The effectiveness of this scheme depends largely on the 
proper sizing of the chilled water storage, hot water storage, and col-
lector area with respect to the cooling load and available solar radia-
tion. 
2. The long-term COP of the absorption chiller is higher when the 
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ratio of the total solar energy collected to the total cooling load is 
lower. However, the solar fraction of the solar cooling system is lower 
in these despite the higher chiller COP because of the lack of available 
solar energy (see Figures 8 through 11). 
3. The long-term COP of the absorption chiller and the solar frac-
tion of the solar cooling system is more sensitive to the sizes of 
chilled water storage and hot water storage when the ratio of the total 
solar energy collected to the total cooling load is higher (see Figures 
8 through 11). Therefore, the proper design of the sizes of chilled 
water storage and hot water storage is more important in locations where 
the solar radiation is more abundant. 
4. Generally speaking, increasing the chilled water storage volume 
improves the long-term COP of the absorption chiller. The solar frac-
tion of the system will also be improved, largely due to the higher 
chiller COP. However, there exists a maximum chilled water storage 
volume above which further increase of the volume effects little improve-
ment of the system performance. This maximum chilled water storage 
volume is a function of the total cooling load, the total solar energy 
collected, and the hot water storage volume. For the system considered 
in this study, the maximum chilled water storage volume appeared to be 
about 40 
3 
m. The major improvement of the system performance was rea-
lized in the first 20 m3 increment of the chilled water storage volume, 
i.e. , 3 3 from 0 m to 20 m . The improvement resulting from the second 
20 m3 3 3 increment, from 20 m to 40 m , was only about one-eighth of the 
first improvement (see Figures 8 and 9). 
5. A large hot water storage volume is generally favorable for the 
system performance. However, larger hot water storage volume does not 
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significantly improve the long-term COP of the absorption chiller. The 
improvement of the solar fraction is mostly due to higher collector effi-
Ciency. There is also a maximum hot water storage volume above which 
the system performance cannot be improved by further increasing the hot 
water storage volume. This maximum hot water storage volume is a strong 
function of the collector area. For the system considered in this study 
3 the maximum hot water storage volume is about 40 m when the collector 
area equals 400m2• The improvement of solar fraction from 10m3 to 
3 20 m hot water storage volume was most visible while the improvement 
3 2 
from 30m to 40 m became significantly small (see Figures 10 and 11). 
6. The long-term COP of the absorption chiller decreases when the 
collector area increases (see Figure 12). As a result, the contribution 
of the additional collector area to the solar fraction becomes smaller 
as the total collector area becomes larger. 
7. The increasing collector area has the same effect on the long-
term COP of the absorption chiller as decreasing the hot water storage 
volume (see the COP curves in Figures 10 and 12). By properly balancing 
the increase of collector area with the increase of hot water storage 
volume, the decrease of the chiller COP due to larger collector area can 
be minimized. 
Semi-Empirical Equation 
1. The long-term averaged seasonal solar fraction of a solar cool-
ing system can be expressed in terms of four dimensionless parameters, V~, 
V~, T*, and A~ (Equation (5.13)). The predictions of the semi-empirical 
equations were found to be within six percent of the simulation results 
72 
for seven SOLMET stations which have typical meteorological year data 
(see Figures 14 and 15). 
2. The semi-empirical equation was found to be valid for loca-
tions with considerable differences in their weather patterns. This is 
because the effect of different weather conditions was implicitly con-
side red when forming the four dimensionless parameters, i.e. , the para-
meters were non-dimensionalized with weather dependent factors such as 
the total solar radiation, the total cooling load, etc. 
3. The use of the semi-empirical equation is limited for systems 
2 2 
with collector area between 240 m and 440 m , and chilled water storage 
3 3 
volume and hot \'later storage volume between 10 m and 40 m • The fact 
that the equation was developed from the simulation results of a system 
with a 25-ton absorption chiller and double-glazed selective-surface 
solar energy collectors also restricts the validity of this equation to 
solar cooling systems of similar desiqn. 
i 
Solar Cooling System Economics 
1. The averaged annual saving of a solar cooling system is a func-
tion of the fuel cost, component costs, component lifetime, discount 
rate, cooling load, weather conditions, and system size. Among these 
factors, the discount rate is assumed to be a constant. The cooling 
load and the typical weather condition are fixed for a given location. 
The fuel cost and its growth rate are constants in a given year for a 
given location. The variations of the component costs and lifetimes 
are limited. Only the system size can be easily controlled by system 
designers to maximize the annual saving. 
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2. For the solar cooling system considered in this study, the opti-
2 
mum collector area is smaller than 200 m when the fuel cost is lower 
than $0.14 per KW-HR. The annual saving of the system is inversely pro-
portional to the collector area in this range of year zero fuel cost for 
2 2 
the desirable collector area range between 200 m and 400 m • Only 
after the year zero fuel cost becomes substantially larger than $0.14 per 
K~7-HR, can the optimum collector area be expected to be within the desir-
able collector area range (see Figure 16). The optimum chilled water 
storage volume is generally within the desirable range, i.e., between 
3 3 
10 .m and 40 m • The optimum hot water storage volume is largely re-
lated to the· collector area. Because the optimum collector area is 
small when the fuel cost is low, the optimum hot water storage volume is 
also small in this circumstance. The sensitivities of the annual saving 
with respect to the chilled water storage and hot water storage increase 
with the fuel cost, whereas· the sensitivity of the annual saving with 
respect to the collector area decreases when fuel cost increases. 
3. The effect of system lifetime on the annual saving is signifi-
cantly large. When the fuel cost is high, increasing the system life-
time is generally favorable even if it means some increase in component 
costs. However, when the fuel cost is low, most of the extra savings 
due to the longer system lifetime may be offset by the increase of com-
ponent costs. 
4. The annual saving is a strong function of fuel cost. For the 
system considered in this study, the annual saving is negative when the 
year zero fuel cost is below $0.10 per KW-HR. The fuel cost has to be 




The reconunendations for future study are outlined as follows: 
1. The present study concentrated on the performance of the solar 
system in the cooling mode. Future study should include the performance 
of the same system in the heating mode. During heating operations the 
chilled water storage tank can be used to store hot water. It is also 
possible to use the absorption chiller as a heat pump, to improve its 
load factor, and to improve its investment return. A complete analysis 
of the performance of the solar system in both cooling and heating modes 
is needed to provide a better assessment of the system. 
2. The semi-empirical equation derived in this study may be ex-
tended to acconunodate a greater variation of collector types. This may 
be accomplished by redefining A(:_ and V~ to take into consideration the 
effect of various collector characteristics. It is also desirable to 
consider different types of absorption chillers. However, to consider 
the effect of different types of absorption chillers may require the 
introduction of new parameters, since the existing parameters do not 
seem to have this capacity. 
3. The predictions of the semi-empirical equation have been com-
pared satisfactorily with simulation results of the system at seven loca-
tions. To further confirm the validity of this equation, its predictions 
should be compared with simulation results of the system at as many other 
locations as possible. If necessary, the simulation results at other 
locations may be used to modify the coefficients of the semi-empirical 
equation to improve the accuracy of its predictions. 
4. Performance data of the solar cooling system with chilled water 
storage are needed to evaluate the simulation model and the semi-
75 
empirical equation. Since the semi-empirical equation is derived for 
long-term system performance predictions, several years of performance 
data are required for evaluating the equation. 
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APPENDIX A 
DESCRIPTION OF THE BASE BUILDING AND 
ITS COOLING LOAD CALCULATION 
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The base building used for calculating the cooling load has the 
following physical parameters: 
South wall: 4.27 m high and 92.6 m wide 
East wall: 7.32 m wide 
West wall: 7.32 m wide 
North wall: 3.66 m high and 92.6 m wide. 
There are 15 windows, each measures 1.02 m by 1.02 m, as well as a 
2 
31.76 m door area in the north wall. There is no window or door in the 
other three walls. The walls and ceiling are insulated with six inches 
of fiber glass insulation materials. 
2 The lighting load in the building was assumed to be 72 KJ/Hr-m 
from 8:00 a.m. to 5:00 p.m. and no lighting load from 5:00 p.m. to 8:00 
a.m. during the week. 2 The lighting load was reduced to 36 KJ/Hr-m on 
. 2 
Saturday and 18 KJ/Hr-m on Sunday. The building was assumed to be 
occupied by 60 persons from 8:00 a.m. to 5:00 p.m. during the week, by 
30 persons on Saturday, and by 15 persons on Sunday. From 5:00 p.m. to 
8:00 a.m. the next day, the building was assumed to be unoccupied. 
The input to the TRNSYS program for calculating the cooling load of 
this building is listed in the following program listing. 
SUBROUTINE TYPE22 <TIME,XIN,OUT,T,DTDT,PAR,INFO) 
c 
C LATENT COOLING LOAD FROM OUTDOOR AIR AND PEOPLE 
c 
C XIN<1>--WET BULB TEMPERATURE, DEGREE C 
C XIN<2>--DRY BULB TEMPERATURE, DEGREE C 
C XINC3>--TIME DEPENDENT PEOPlE LOAD-SENSIBLE 
c 
C PAR<1>--VOLUME OF BUILDING 
C PAR<2>--AIR CHANGES PER HOUR 
C PAR<J>--HOUR SUMMER BEGINS 
C PARC4>--HOUR SUMMER ENDS 
C PARC5)--NUMBER OF PEOPLE IN BUILDING 
c 
C OUTC1>--LATENT COOLING LOAD FROM OUTDOOR AIR, KJ/HR 
C OUT<2>--LATENT COOLING LOAD FROM PEOPLE, KJ/HR 





IF <TIME.LT.PAR<3>.0R.TIME.GT.PARC4)) GO TO 10 
TWBK=XIN<1>+273.16 
TDBK=XIN<2>+273.16 






C LATENT HEAT PER CUBIC ~ETER OF AIR EXCHANGED 
C IN KJIM**3 
HEAT=C706.0*P/TDBK>-22.984 
c 
C LATENT HEAT PER HOUR 
HEAT=HEAT*PARC1>*PARC2) 
IF <HEAT.LT.O.O> HEAT=O.O 
c 
C LATENT HEAT FROM PEOPLE 
HEAPLP=PAR<5>*189.6 
IF <XINC3).LE.O.O) HEAPLP=O.O 
c 













*** *** SAMPLE INPUT 
*** 
SIMULATION o,. 4416r 1 
UNIT 1 TYPE 9 DATA READER 
PAF.:AMETEI:;:S 4 
4r lr 9r 1 
<F5.1,F7.1r2F5.1) 
UNIT 2 TYPE 16 RADIATION PROCESSOR 
PAF~AMETH~S 14 
1r 121r 36.1v 4871r 0.2, 0.0, 90r O.Or 90r 




UNIT 3 TYPE 17 EAST WALL 
F'ARAMETEI:~s 17 
1P o.s, o.e, 4r 2r sa, Or 1r o, 1r lr o.00928r 
0.0287, 0.0036r 0.142E-4r -0.1245r 0.162E-3 
INPUTS 4 
1r1 2r8 1r4 12r2 
20r Or Or 20 
UNIT 4 TYPE 17 WEST WALL 
PAF~AMETEr~S 17 
1r 0.5, 0.8, 4r 2r 58r Or lr Or lr lr 0.928E-2r 
o.~87E-1r 0.36E-2r 0.142E-4r -0.1245, 0.162E-3 
INPUTS\ 4 
1r1 2r10 1r4 12r2 
20' (), 0, 20 
UNIT 5 TYPE 17 SOUTH WALL 
PAF~AMETEFW 17 
1r 0.5v 0.8, 4r 2r 394.9r Or 1v Or lr 1r 0.928E-2r 
0.287E-1r 0.36E-2r 0.142E-4r -0.1245, 0.162E-3 
INPUTS 4 
1r1 2r1 1r4 12r2 
20r (), Or 20 
UNIT 6 TYPE 17 NORTH WALL 
F'AF~AMETEF~S 17 
lr 0.5, 0.8, 4r 2r 338.5r 0.9, lr 0.055r 0.5, 1, 
0.928E-2r 0.287E-1r 0.364E-2r 0.142[-4, -0.1245r 
0.621[··-3 
I NF'UT~:i 4 
1r1 2r9 1r4 12r2 
20, 0, (), 20 


















0.9, 5r 3r 677r 
0.125E-1r 0.1E-1r 
o.06r -0.175£-2 







UNIT 8 TYPE. 14 TIME DEPENDENT LIGHTING LOAD 
ASSUME 20 W/M*M OR 72 KJ/HR-M*M 
FLLOR AREA 677 M*M' WEIGHTING FACTOR = 0.8 
TOTAL LOAD <72)(677)(0.8) = 39000 KJ/HR 
HALF LOAD ON SATURDAY• QUARTER LOAD ON SUNDAY 
PAF~AMETERS 60 
OrO 7.~5,() 
:32. 5, 39000 
.64.5r39000 
B8.5r39000 
1.12. 5, 39000 
136.~3. 19~)00 
160. 5, 97~50 
8.5,39000 16.5r39000 17.5,0 31.5r0 
40.5r39000 41.5,0 55.5r0 56.5,39000 
65.5~0 79.5r0 80.5r39000 
89.5r0 103.5r0 104.5~39000 
113.5,0 127.5r0 128.5r19500 
137.5r0 151.5r0 152.5r9750 
:1.61.~),0 l.68r0 
UNIT 9 TYPE 14 TIME DEPENDENT SENSIBLE PEOPLE LOAD 
ASSUME 73 W/PERSON OR 263 KJ/HR-PERSON SENSIBLE 
60 PERSONS OCCUPANCY, WEIGHTING FACTOR = 0.8 
TOTAL SENSIBLE LOAD 263*0·8*60 = 12600 KJ/HR 
HALF LOAD ON SATURDAY, QUARTER LOAD ON SUNDAY 
PAr~AMETEHS 60 
LOAD 
0,0 7.5,0 .8.5,12600 16.5r12600 17.5r0 31.5P0 
32.5r12600 40.5,12600 41.5,0 55.5r0 56.5r12600 
64.5r12600 65.5,0 79.5,0 80.5r12600 
88.5r12600 89.5v0 103.5r0 104.5r12600 
85 
112.5r12600 113.5r0 127.5r0 128.5,6300 136.5v6300 
137.5,0 151.5,0 152.5r3150r 160.5r3150 161.5,0 
168r0 
UNIT 10 TYPE 22 LATENT COOLING LOAD 
PARAMETEr~S ~5 
2683, 0.186, Or 4416r 60 
INPUTS 3 
1r3 1Pl 9r1 
o.o, o.o, o.o 
UNIT 11 TYPE 11::" -.} SUMS CONDUCTION 
PAr~AMETEF~S 11 
o, o, :3, o, 3, o, 3, o, 
INPUTS o;::-.J 
3r2 4r2 5,2 6r2 7r2 
lOr lOr 10r lOr 10 
TEI:;:MS 
3, o, 3 
UNIT 12 TYPE 19 LOAD CALCULATION 
PAF.:AMETEF\S 17 
1, 2683, 0.25r 677r 1, 5.0£3, 
214.5r 5r Or Or 20r 25r 20r 
INPUTS 5 
1r1 11 r1 6r3 8r1 9d 
20r o, o, o, 0 
2.0E3r -1, 
0 
UNIT 13 TYPE 15 SUMS SENSIBLE LOAD AND LATENT LOAD 
PAF~AMETEF~S 3 




UNIT 21 TYPE 25 WRITE DISC LU--10 
PAF\AMETEHS 4 
END 







SUBROUTINE AND SAMPLE INPUT FOR THE TRNSYS PROGRAM 
USED FOR THE SOLAR COOLING SYSTEM SIMULATION 
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c 
C RECIPROCATING CHILLER 
c 
C XIN<l>--CHILLED WATER INLET TEMP., DEGREE C 
C XIN<2>--CHILLED WATER FLOWRATE, KG/HR 
88 
C XINC3)--CONTROL SIGNALr =1 ~HILLER IS TURNED ONr =0 OFF 
c 
C OUT(1)--CHILLED WATER OUTLET TEMP., DEGREE C 
C OUTC2)--CHILLED WATER FLOWRATE, KG/HR 






IFCXIN<3>.NE.1.0) GO TO 10 
IF<XINC1>.LE.7.22) GO TO 10 
OUT< 1) :::7.22 
OUT<3>=XIN<2>*4.184*<XINC1>-7.22) 
GO TO 20 
10 OUT<l>=XINC1> 




SUBROUTINE TYPE31 CTIMErXIN,OUT,TvDTDT,PAR,INFO) 
c 
C ENERGY RELIEF HEAT EXCHANGER FOR SOLAR ENERGY COLLECTOR 
c 
C XIN<1>--INLET FLUID TEMP. DEGREE C 
C XIN<2>--MASS FLOW RATEr KG/HR 
c 
C OUTC1)--0UTLET FLUID TEMP. DEGREE C 
C OUTC2)--MASS FLOW RATEr KG/HR 
C OUTC3)--ENERGY DUMPEDr KJ/HR 
c 
C PAR<1>--MAX. OUTLET FLUID TEMP. DEGREE C 
C SET TO THE MAX. HOT WATER STORAGE TANK TEMP. 




IFCXIN<2>.LE.O.O) GO TO 10 










SUBROUTINE TYPE32 CTIME,XIN,OUT,T,DTDT,PAR,INFO) 
c 
C HEAT EXECHANGER 
c 
c 
C XIN<l>--TEMP. OF THE INLET HOT SIDE FLUID, DEGREE C 
C XIN<2>--MASS FLOW RATE OF THE HOT SIDE FLUID, KG/HR 
C XINC3)--TEMP. OF THE INLET COLD SIDE FLUID, DEGREE C 
C XINC4>--MASS FLOW RATE OF THE COLD SIDE FLUID, KG/HR 
c 
C OUT<l>--TEMP. OF THE OUTLET HOT SIDE FLUID, DEGREE C 
C OUT<2>--MASS FLOW RATE OF THE HOT SIDE FLUID, KG/HR 
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C OUT<3>--TEMP. OF THE OUTLET COLD SIDE FLUID, DEGREE C 
C OUTC4>--MASS FLOW RATE OF THE COLD SIDE FLUID, KG/HR 
c 
C PAR<l>--EFFECTIVENESS OF HEAT EXCHANGER 
C PAF~ < 2) -- .. ··SPECIFIC HEAT OF THE HOT SIDE FLUID, K.J/KG-:-C 



















INFO< 6) ::::4 
IFCXIN<2>.EQ.O.O) GO TO 20 
Q=PAR<1>*<XINC1>-XINC3)) 




GO TO 50 
20 OUTC1)=XINC1) 
OUT<2>=XINC2) 
OUT ( 3) "..-:X IN< :3 > 




XINC1)--FIRST INPUT CONTROL SIGNAL 
XINC2)--SECOND INPUT CONTROL SIGNAL 
OUTC1>--0UTPUT CONTROL SIGNAL 
PAR<l>--MODE INDICATOR 
=1, INDICATE .AND. 
=2, INDICATE .OR. 
DIMENSION XINC2), OUTC1), PARC1), INFO<B> 
INF0(6):::1 









SUBROUTINE TYPE34 CTIME,XIN,OUT,T,DTDT,PAR,INFO> 
c 
C ROOM AIR TEMPERATURE MODEL WITH AIR HANDLING UNIT 
c 
C XIN(l)--TEMP. OF THE INLET CHILLED WATER' DEGREE C 
C XINC2)--MASS FLOWRATE OF CHILLED WATER, KG/HR 
C XINC3>--COOLING LOAD 
C XIN<4>--AIR HANDLING UNIT CONTROL SIGNAL 
c 
C OUT<l>--TEMP. OF THE OUTLET CHILLED WATER, DEGREE C 
C OUTC2)--MASS FLOWRATE OF CHILLED WATER, KG/HR 
C OUT(J)--ROOM AIR TEMPERATURE, DEGREE C 
c 
C PAR(l)--ROOM TRANSFER FUNCTION COEFFICIENT, GCO), 
C IN BTU/HR-F 
C PAR<2>--ROOM TRANSFER FUNCTION COEFFICIENT, G(l)v 
C IN BTU/HR-F 
C PAR(3)--ROOM TRANSFER FUNCTION COEFFICIENT, GC2), 
C IN BTU/HR-F 
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C PARC4)--SUM OF THE ROOM TRANSFER FUNCTION COEFFICIENT, 
C GCO>tG<1>tGC2), IN BTU/HR-F 
C PARC5>--ROOM TRANSFER FUNCTION COEFFICIENT, P<O> 
C PARC6>--ROOM TRANSFER FUNCTION COEFFICIENT, P<l> 
C PAR<7>--THE CONSTANT ROOM TEMPERATURE USED WHEN 
C CALCULATING THE COOLING LOAD, DEGREE F 
C PAR<B>--THE THROTTLING RANGE OF THE COOLING UNIT, 
C IN DEGREE F 
C PAR<9>--MAXIMUM HEAT EXTRACTION CAPABILITY OF THE 
C COOLING UNIT, IN BTU/HR 
C PAR<10)--MINIMUM HEAT EXTRACTION CAPABILITY OF THE 
C COOLING UNlT, IN BTU/HR 











C INITIALIZE THE HEAT EXTRACTION RATE, COOLING LOAD, 
C AND ROOM AIR TEMPERATURE 
c 






C IF THE TIME STEP IS LESS THAN ONE HOUR, COMPUTE THE 
91 
C AVERAGE ROOM AIR TEMPERATUm:s OF PREVIOUS TWO HOURS AND 
C THE AVERAGE HEAT EXTRACTION RATE AND COOLING LOAD OF THE 
C PREVIOUS HOUR 
c 
c 
IF<NT.LE.l> GO TO 6 
NTl=NT-1 


















IF<NT.LE.l> GO TO 11 









C COMPUTE THE HEAT EXTRACTION RAT~, ERO, AND THE ROOM AIR 


















GO TO 40 












SUBROUTINE TYPE35 <TIME,XIN,OUT,T,DTDT,PAR,INFO) 
C SOLAIRE 25 TON ABSORPTION CHILLER-
C COOLING TOWER IS INCORPERATED IN THIS PROGRAM 
c 
c 
C XINC1>--TEMP. OF INLET HOT WATER IN DEGREE C 
C XINC2)--MASS FLOW RATE OF HOT WATER IN KG/HR 
C (=19679 KG/HR) 
C XINC3>--TEMP. OF INLET CHILLED WATER IN DEGREE C 
C XINC4)--MASS FLOW RATE OF CHILLED WATER IN KG/HR 
C <=13621 KG/HR> 
C XINC5)--0UT DOOR WET BULB TEMP. IN DEGREE C 
92 
C XIN(6)--CONTROL SIGNAL, =1 CHILLER IS TURNED ON, =0 OFF 
c 
C OUT(1)--TEMP. OF OUTLET HOT WATER IN DEGREE C 
C OUTC2>--MASS FLOW RATE OF HOT WATER IN KG/HR 
C <=19679 KG/HR> 
C OUTC3)--TEMP. OF OUTLET CHILLED WATER IN DEGREE C 
C OUTC4)--MASS FLOW RATE OF CHILLED WATER IN KG/HR 
C <=13621 KG/HR> 
C OUTC5)--ENERGY INPUT TO THE CHILLER IN KJ/HR 
C OUTC6>--COOLING PRODUCED BY THE CHILLER IN KJ/HR 
C OUTC7>--COP OF THE ABSORPTION CHILLER 
c 
c 
C PARCl>--DESIRED MINIMUN CHILLED WATER OUTLET TEMPERATURE, 






DATA IFLAG/1/, TCD0/30.0/ 
C INITIALIZE THE FLAGS 
C TLOFF--TIME WHEN THE CHILLER WAS LAST TURNED OFF 









IF<XIN<6>.NE.1.0) GO TO 90 











C ABSORPTION CHILLER 
c 
c 








C ACTUAL CAPACITY 
c 
c 
IF<XINC3>.LE.TMAX> GO TO 20 
OUT<3>=XIN<3>-TMAX+PARC1) 





IF<CHKOFF.LE.0.25) GO TO 30 
OUTC6)=0UT(4)*4.184*<XINC3)-0UTC3)) 
GO TO ~35 
C COOLING PRODUCED IS ZERO AT START-UP PERIOD 
c 
c 
30 OUT< 6) '""0. 0 
OUT< 3 >""X IN ( 3 > 
35 CONTINUE 















GO TO 100 
C WHEN THE CHILLER IS TURNED OFF 
c 
90 CHKON=TIME-TLON 











*** *** SAMPLE INPUT 
*** 
SIMULATION o.n, 4416.0r 0.125 
UNIT 1 TYPE 9 
PARAMETEI;:S 4 
DATA READER 
4r 1.0, 9.o, 1.0 
(2F4.1r2F8.1) 
UNIT 2 TYPE 1 SOLAR ENERGY COLLECTOR 
F'AF\AMETEF\S "7 
1.0, ~550. 0, 0.95r 3.515r 0.94r 
INPUTS 4 
5r 1 5r2 1r1 1r3 
-;o.o, o.o, 20.0r o.o 
95 
:L5.0r 0.8 
UNIT 3 TYPE 32 COLLECTOR TO HOT WATER TANK HEAT EXCHANGER 
PARAMETERS :5 
0.75r 3.515r 4.184 
INPUTS 4 
6r1 6r2 10r1 10r2 
50.0r O.Or 50.0r 20000.0 




3,1 3r2 7d "7r2 
50.0r o.o, 5o.o, o.o 




4v1 4r2 9r1 
50.0r 0.0, 0.0 
THT COL.LECTOI:;: INLET 




2P1 2r2 8r1 
50.0r 0.0, 0.0 






UNIT 8 TYPE 2 COLLECTOR FLOW DIVERTER CONTROLLER 
F'AF.:AMETERS 3 
3r O.O, 0.0 
INPUTS 3 
10r1 OrO 8r1 
50.0r 95.0r 0.0 
UNIT 9 TYPE 2 COLLECTOR PUMP ~ONTROLLER 
F'ARAMETEI~S 3 
3r a.o, 4.0 
INPUTS 3 
2r1 10r1 9r1 
5o.o, 5o.o, o.o 
UNIT 10 TYPE 4 HOT WATER STORAGE TANK 
PARAMETEF\S 5 
3o.o, 1.5, 4.184, 1ooo.o, 1.0 
INPUTS 5 
3r3 3,4 12r1 12r2 OrO 
so.o, 2oooo.o, 7o.o, o.o, 25.0 
DEIUVATIVES 1 
70.0 
UNIT 11 TYPE 4 CHILLED WATER STORAGE TANK 
PAI:::AMETEF.:S ~5 
3o.o, 1.5, 4.184, 1ooo.o, 1.0 
INPUTS 5 
13r1 13r2 11r3 11r4 OrO 
5.0, o.o, 5.0, o.o, 25.0 
DEFnVATIVES 1 
5.0 




14d 14r2 16rl :L6r2 1, 2 
so.o, o.o, 5.0, o.o, :?.5. 0, 
UNIT 13 TYPE 29 AUXILIARY CHILLER 
PAF~AMETEI=\'S 1 
INPUTS 3 
12r3 12r4 20r1 
5.0, ().(), o.o 
19rl 
o.o 




10r3 10r4 19d 
50 • 0, () • 0 ' 0 • 0 





11r1 11r2 Q,O 
5.0, o.o, 1.0 
ONIT 16 TYPE 34 ROOM AND AIR HANDLING UNIT 
PAI~AMETERS 11 
15190.0r -15510~0, 583.0r 260.1, 1.0, -0.87r 
77.0r 3.0, 306000.0r o.o, 0.125 
INPUTS 4 
15r1 15r2 1r4 21r1 
s.o, 13620~0. o.o, o.o 
UNIT 17 TYPE 2 HOT WATER PUMP CONTROLLER 
PARAMETERS 3 
3r 10.0r 0.0 
INPUTS 3 
10r3 OrO 17r1 
50.0r 72.0r 0.0 
UNIT 18 TYPE 2 CHILLED WATER CONTROLLER 
PAF<AMETERS 3 
3 , 2 • 778 , . 0 • 0 
INPUTS 3 
11r1 OrO 18r1 
5.0, 6.667r 0.0 






UNIT 20 TYPE 2 AUXILIARY CHILLER CONTROLLER 
PAF\AMETERS 3 
3r 1..111r 0.0 
INPUTS 3 
11rl OrO 20r1 
5.0, 9.445, o.o 
UNIT 21 TYPE 2 AIR HANDLING UNIT CONTROLLER 
F'ARAMETEF<S 3 
3r 2.222r 0.0 
INPUTS ~5 
16r3 OrO 21r1 
25.0r 23.89, 0.0 




12' ~i 12~6 13r3 1P4 1,3 




UNIT 42 TYPE 25 OUTPUT 
PM~AMETERS 4 
24.0r 0.0, 4416.0, 10.0 
INPUTS 6 
41,1 41P2 41r3 41P4 41r5 41•6 




SIMULATION RESULTS OF THE SOLAR COOLING SYSTEMS AT 
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